In general, landraces are the most diverse populations of cultivated plants (Frankel et al., 1995). Besides being
Molecular techniques are more expensive than most morphological approaches to the study of genetic or species diversity (Newbury and Ford-Lloyd, 1997) , and consequently they should be used only where other tech-T he common bean, over a period of at least 7000 to niques are less powerful or not feasible (Bisby, 1995) . 8000 yr, has been domesticated and evolved from Molecular analyses in conjunction with morphological a wild vining plant distributed in the highlands of Middle and agronomic evaluation of germplasm is recommended America and the Andes into a major leguminous food because these provide complementary information and crop, grown worldwide in a broad range of environincrease the resolving power of genetic diversity analyments and cropping systems (Gepts and Debouck, ses (Singh et al., 1991) . 1991). The cultivated bean is a morphologically diverse
In the context of in situ conservation of landraces, crop with large variation in growth habit, pigmentation, both molecular and morphological marker evaluations pod, seed, and phenology (Singh et al., 1991) . The speare useful for identifying populations for conservation, cies is an annual with a predominantly self-pollinating optimum sites for germplasm collection, and ongoing reproductive system. Typical outcrossing rates are under 5% (Graham and Ranalli, 1997) ; however, higher levels changes in the pattern of diversity in the course of conhave also been reported (Gepts, 1993; Ibarra-Perez et servation practices (Newbury and .
Few studies have analyzed the pattern of genetic diverBean production is performed in all regions of Nicarasity within landraces (Martin and Adams, 1987a ; Briand gua and occupies Ͼ60% of the total agricultural area et al., 1998) as compared with that among landraces (Llano et al., 1998) . Seed color and growth habit are held in large ex situ germplasm collections (Singh et the most variable traits between Nicaraguan landraces. al., 1991; Beebe et al., 2000; Islam et al., 2002) . The Farmers predominantly grow small red-seeded beans, knowledge and understanding of the genetic structure although they also have landraces that have brown-or of plant landraces is important since it may serve as a cream-colored seed.
basis for making decisions related to the selection of sites and populations for in situ conservation (Maxted et al., 1997 that (i) the genetic structure measured is independent of whether molecular or phenotypic markers are used, Published in Crop Sci. 44:1412 -1418 (2004 .
(ii) there is no genetic differentiation between agroeco- For two microsatellites (GATS54 and BM114), the annealing among landraces within agroecological zones, and fitemperature was reduced to 52ЊC. The cycles were followed nally (iv) phenotypic traits are not affected by the testby a final elongation step at 72ЊC for 7 min. The microsatellite ing site.
alleles were resolved on silver-stained polyacrylamide gels and sized by comparison to 10-and 25-bp molecular weight
MATERIALS AND METHODS
standards (Promega). Only bands clearly separated visually were accepted as different alleles.
Plant Material
Seventeen common bean landraces presently cultivated by
Statistical Analysis of Molecular Data
farmers were used to study genetic variation at the molecular
The following indices were used to quantify the amount of level. Of these, only nine red-seeded landraces were chosen genetic diversity within each landrace: number of alleles per for the field study. They were collected from different sites locus, observed heterozygosity (H o ), and expected heterozyspread across four distinct agroecological zones (none close gosity (H e ). The values for each of these indices were calcuto the experimental site, Table 1 ). A seed sample of 450 g lated for each landrace per locus combination and across all was obtained from a local farmer at each site in April and loci according to Nei (1987) . All calculations were realized by May 1999. All samples were multiplied for one generation the computer programs FSTAT V2.9.3 (Goudet, 2002) BM15, BM19 (CIAT, 2002); and BMd36 (Blair et al., 2003) ].
Experimental Sites
The phenotypic evaluation of the nine landraces was conThe seven most polymorphic markers were chosen for further ducted at San Marcos (La Compañ ia Experimental Station) assays on the full set of individuals. The genomic DNA was and San Pedro (in a farmer's field) both in the department extracted from young primary leaves of 4-d-old germinated of Carazo, Nicaragua. The experiments were performed durseedlings according to Dellaporta et al. (1983) 
soil preparation was done with oxen. The sites of the experiments are located 40 km apart from each other and differ in The PCR conditions consisted of a hot start of 92ЊC for 5 min, followed by 29 cycles of denaturation at 92ЊC for 1 min, soil and climatic variables ( Table 2 ). The experimental layout was a randomized complete block design with four replicates. annealing at 60ЊC for 1 min, and extension at 72ЊC for 1 min. The AMOVA analysis showed that the variation at- 
Diversity Measures
class were calculated for the three qualitative traits, namely, growth habit, wing petal color, and standard petal color.
An average of 5.7 alleles were identified per microsaFor the analysis of growth habit, a square root transformation tellite locus, with a range of 2 to 13 distinct alleles in (√X ϩ 0.5) was performed.
the full array of individuals per each landrace depending on the individual microsatellite (Table 4) . Some of these Statistical Analysis of Field Data alleles were unique to an individual landrace as observed for V1 (one and three alleles from the loci BM114
Analyses of covariance were performed according to the and GATS91, respectively), V17 (one allele, locus (average ϭ 0.01) and from 0.16 to 0.47 (average ϭ 0.35),
The number of harvested plants was used as a covariable.
respectively (Table 5) . For some loci, specifically J04555
The ANOVA analyses were performed with the software JMP and BM114 and for landraces mainly from the agroeco- (SAS Institute, 2000 pooled set of loci were positive and different from zero. The mean F IS (inbreeding coefficient) value was high Landrace differentiation made F IT (total inbreeding co- sity (H T ) averaged 0.51 across all individuals across all standard color, and growth habit (Table 7) . There was analyzed loci. In general, the populations collected in a clear differentiation in earliness between the landraces the agroecological Zones B, F, and H showed higher collected in Zone H, and also to some extent between within-population gene diversity averaged across all loci landraces from Zone I. Furthermore, the landraces colthan Zone I. lected in Zone H had a clear differentiation in the proportion of plants with an indeterminate bush (type II)
Field Results
growth habit and color of the standard. Growing conditions were much poorer at San Pedro The ANOVA showed that the agroecological zones than at San Marcos, which resulted in a significant rewhere the landraces were collected and the experimenduction of growth, as reflected by reduced stem length tal sites had a great impact on the majority of the traits and leaf surface area and total bean yield, which was studied. Interactions between these factors were also 26% lower in San Pedro (data not shown). With the significant for some traits (100-seed weight, leaf surface exception of 100-seed weight, all yield components were area, and growth habit). In addition, significant differlower at San Pedro compared with San Marcos. With ences among landraces within agroecological zones regard to wing and standard petal color, the predomiwere found for growth habit and phenological traits nant variants were white and white with pink, respec-(days to flowering and days to physiological maturity).
tively, and no significant differences between sites in the Landraces from the agroecological Zone B performed proportions of plants for these variables were observed. better in terms of yield than landraces from the agroecoAlthough there was a tendency for seed weight from logical Zone I (Table 6 ). The landraces from the agroall landraces to be greater when grown at San Pedro ecological Zone B were characterized by both longer and than when grown at San Marcos, only seed weight for wider pods compared with landraces from Zone I, and landraces from the agroecological Zone H was signifithey had the most rapid days to flowering and maturity cantly greater (Table 8) . At San Pedro, no difference of the landraces studied. Landraces from the agroecobetween landraces from different agroecological zones logical Zone H tended to have the longest stem length.
was found in terms of leaf surface area at flowering, No variation in the proportion of plants showing either while at San Marcos landraces from Zone I had the of the variants of wing or standard color was observed largest leaflets. Landraces collected in Zone H showed among agroecological zones.
fewer plants with an indeterminate bush (type II) growth Differentiation of landraces within the respective agroecological zones occurred for phenological traits, habit as compared with semivining (type III growth habit) when grown at San Pedro than when grown at tion to the observed discrepancy in geographic pattern between molecular and phenotypic markers. San Marcos.
We hypothesize that phenotypic traits are subject to both natural and artificial selection since environmental DISCUSSION conditions and farmers' selection criteria lead to diverThe results show that the pattern of genetic diversity gence between landraces. The clearly discernible differin the landraces studied depended on whether molecular ences in yield, morphological traits, and phenology obor phenotypic markers were used. This finding suggests served among the nine common bean landraces from that the state of genetic diversity in landraces may be different agroecological zones supports this hypothesis. better described when different markers are used in These results are in agreement with results obtained by a complementary manner. In our work, for example, Martin and Adams (1987a) , Escribano et al. (1997) , and microsatellites were ideal markers for detecting DNA Rodiñ o et al. (2001) for bean landrace collections in polymorphism in the closely related but somewhat diAfrica and Europe. In Nicaragua, the environments vergent genotypes while phenotypic markers allowed us where the common bean is cultivated are quite heteroto measure variation of adaptive traits among landraces geneous and show differences in altitude, temperature, from different agroecological zones.
rainfall, and edaphic conditions. Farm size, smallholder wealth, and consumer preferences can also vary among agroecological zones. As a result, the landraces studied
Variation among Agroecological Zones
here could have been subjected to different selection A specific pattern of geographic distribution of gepressures, which in turn could have resulted in their difnetic diversity was not observed based on the molecular ferentiation. marker data for the landraces from the different agroecological zones, but there was a pattern based on pheno-
Variation among Landraces within typic traits. This finding did not allow us to categorically
Agroecological Zones accept or reject our second hypothesis. The contrast between the supposedly selectively neutral or near-neuThe partitioning of the total genetic variation between landraces and agroecological zones by molecular marktral nature of microsatellites (Jarne and Lagoda, 1996; Li et al., 2000) and the adaptive value of phenotypic ers indicated that a considerable part of the variation was attributable to differences among landraces within traits (Hill et al., 1998) might in part explain this apparent discrepancy. As pointed out by Lewontin (1984) , the agroecological zones. A similar trend was observed for the phenological and qualitative traits. Therefore, we power of a statistical test to detect differences between quantitative characters is much higher than for polymorhad to reject our third hypothesis, which claimed that the differentiation of common bean landraces was low. phic neutral or near-neutral genes. Considering that we have few polymorphic microsatellite loci in this study, There are several possible reasons for the genetic differentiation of the landraces. The fact that there was we therefore refrain from giving any biological explana- no detectable differentiation between agroecological Zone H, which cover a large range of elevations and was perhaps the most differentiated of the zones studied, zones in the case of molecular markers suggests that the differentiation of landraces and populations within showed specific adaptation. These results are in agreement with several authors who indicate that estimates of landraces is because of founder effect. Another could be the predominantly self-pollinated mating system of genetic diversity within and between populations often depend on experimental location (Escribano et al., 1997; the common bean (Graham and Ranalli, 1997) , which causes low rates of gene flow among populations, which Newbury and Ford-Lloyd, 1997; Pham and Van Hintum, 2000) . Pé rez de la Vega (1996) also indicates that adapin turn results in a spatial differentiation as was pointed out by Hill et al. (1998) .
tive traits are more easily observable in less-favorable environments than favorable ones. In the case of growth habit and phenological traits, it is possible that landrace differentiation has resulted from a high level of human selection pressure focused CONCLUSIONS toward adapting the landraces to new environments or Molecular and phenotypic markers complemented cropping systems. Meanwhile, variation in standard each other, and use of both allowed a more complete petal color would reflect natural rather than human description of the level and pattern of genetic diversity selection and could be explained by indirect selection of the landraces studied. The observed genetic structure of other traits or groups of traits.
suggests that sampling for genetic resources of common beans in Nicaragua should be stratified with respect to
Variation within Landraces
agroecological zones to cover the effects of adaptation, In the present report, almost two thirds of the variaand from several farmers within zones to minimize the tion determined at molecular level was distributed effects of random drift. within landraces. This variation was evident in the high proportion of allelically different homozygous individu- 1987a , 1987b Tapia and Camacho, 1988; Briand et al., on the manuscript and help in data analysis. We are also 1998). to high levels of outcrossing have been reported (Wells Bisby, F.A. 1995 . Characterization of biodiversity. p. 21-106. In V.H. et al., 1988 Gepts, 1993) . Although most of the individuHeywood and R.T. Watson (ed.) Global biodiversity assessment. als were homozygous for most loci, the higher frequency pothesis. In particular, landraces from agroecological
